Measuring intracellular temperature is critical to understanding many cellular functions but still remains challenging. Here we present a technique -fluorescence-assisted photoacoustic thermometry (FAPT) -for intracellular temperature mapping applications. To demonstrate FAPT, we monitored the intracellular temperature distribution of HeLa cells with sub-degree (0.7 o C) temperature resolution and sub-micron (0.23 μm) spatial resolution at a sampling rate of 1 kHz. Compared to traditional fluorescence-based methods, FAPT features the unique capability of transforming a regular fluorescence probe into a concentration-and excitation-independent temperature sensor, bringing a large collection of commercially available generic fluorescent probes into the realm of intracellular temperature sensing.
INTRODUCTION
Many cell events, such as cell division, nutrient metabolism, and gene expression, are accompanied by intracellular temperature change [1] [2] [3] .
Accurately measuring this temperature change can, in turn, contribute to a deeper understanding of biochemical processes inside a cell. Although cellular thermometry has been realized at the single-cell level by employing tools such as micro-or nano-scale thermocouples [4, 5] , fluorescence nanoparticles or nanogels [6, 7] , and a photoacoustic thermometer [8] , most of these techniques have treated the cell as a whole and measured its average temperature. Knowledge of the average cellular temperature is, however, insufficient for exploring thermogenesis and thermal dynamics at the level of subcellular structures [2] .
Achieving intracellular temperature mapping is difficult because it requires measuring a physical quantity sensitive to local temperature changes but independent of the sensor's concentration and excitation strength. To our knowledge, only two fluorescence-based techniques have realized intracellular temperature mapping, utilizing fluorescence lifetime [9] and polarization anisotropy [10], respectively. Despite the high spatial and temperature resolution they have accomplished in cellular imaging experiments, both methods rely on custom-developed fluorescent biosensors, limiting their accessibility to only a few laboratories.
A major impetus towards the widespread application of fluorescence microscopy is the ongoing development of fluorescent probes, which display excellent selective labeling of cellular structures [11] . However, most commercially available fluorescent probes were not intended to be temperature sensitive. To expand the toolbox of intracellular temperature mapping technique and make it accessible to a much broader biological research community, here we present a novel method -fluorescent-assisted photoacoustic thermometry (FAPT) -which integrates fluorescence microscopy with photoacoustic thermometry on one platform. FAPT features the unique capability of transforming a generic fluorescent probe into a concentration-and excitation-independent intracellular temperature sensor.
PRINCIPLE
Upon absorbing a photon, a fluorophore's electron transits from the ground state to an excited state. The electron's energy is released primarily via two paths [12, 13] : radiative decay, i.e., fluorescence, or non-radiative decay, i.e., thermal dissipation. The possibility of an electron following either of these two decay approaches is described by the fluorophore's quantum yield η. After excitation, the emitted fluorescence intensity equals
where A is a constant, F is optical fluence (J/cm 2 ), and is the absorption coefficient (cm -1 ). is dependent on the fluorophore's concentration and its molecular absorption cross-section.
On the other hand, if the excitation light is a short pulse, the generated heat during non-radiative decay produces an ultrasonic wave via thermoelastic expansion. The detected photoacoustic amplitude is [14] (1 )
In Eq. 2, B is a constant, and Γ is the Grueneisen coefficient, which is temperature dependent by an empirical relation [15] 1 2
where T is the local temperature, and C 1 and C 2 are constants. Traditional photoacoustic thermometry [15] [16] [17] calculates the temperature map from Eq. 2 and Eq. 3, i.e.,
However, the temperature mapping derived by Eq. 4 is affected by the F and a μ distributions -it is accurate only when can be considered as uniform and F can be accurately measured.
To eliminate the effect of and F on the temperature mapping measurement, we collect fluorescence and photoacoustic (PA) signals simultaneously at each scanning point. Substituting in Eq. 4 with the corresponding fluorescence intensity in Eq. 1 gives
In FAPT, a new quantity R is defined as the ratio of the photoacoustic amplitude P to the fluorescence intensity I f . For a fluorophore whose quantum yield η is insensitive to temperature changes, Eq. 5 can be simplified as
where R = P/I f , and the coefficients = / (1 − ) and = / are independent of and F and remain constant for the same fluorophore. Because and can be calibrated for, the corresponding local temperature can be derived by measuring the ratio R at each scanning point.
The uncertainty of the derived temperature from Eq. 5 can be estimated as
On the one hand, the noise contributed by the fluorescence was considered as shot-noise limited, and calculated as
where N is the number of fluorescent photons that the system acquired. On the other hand, the noise item contributed by PA is normally dominated by thermal noise and interference noise [18] , which depend highly upon the specifics of the experimental setup.
SYSTEM DESCRIPTION
The FAPT was built on a previously described sub-micron resolution PAM system [19] . The system setup is shown in Fig. 1 . A pulsed laser (wavelength: 532 nm, pulse duration: ~5 ns) both excited the fluorescence and generated 
RESULTS AND DISCUSSION
We applied FAPT to cellular temperature imaging. A mitochondrion is a cellular organelle that produces energy and heat via oxidization. Temperature imaging of mitochondria would help to understand cellular metabolism [2]. Here we stained HeLa cells (30-40 microns in diameter) with a commercially available fluorescent dye -MitoTracker orange (PN: M-7510, Life technologies, Inc.) and monitored the mitochondria temperature during environmental temperature changes.
The HeLa cells grew in Dulbecco's Modified Eagle Medium with 10% fetal bovine serum and 1% penicillin/streptomycin supplement. The cells were incubated at 37 °C in 5% CO 2 and split every 72 hours. After being dispersed in 0.25% EDTA-trypsin, they were seeded at 2-4×10 4 cells per square centimeter. Culture medium was removed 24 hours after imbedding cells on a cover glass and replaced by staining solution, a fresh culture medium containing 10 µM MitoTracker Orange probes (PN: M-5710, Life technologies). After incubation in staining solution for 60 minutes, the cells were rinsed twice with fresh medium. After staining, cells were trypsinized, collected and suspended in extraction buffer (PN: FNN0011, Life technologies). To inhibit proteolysis, 50 µL of protease inhibitor cocktail (PN: P2714, Sigma-Aldrich) for each milliliter of buffer and 0.5 mM phenylmethanesulfonyl fluoride (PN: P7626, Sigma-Aldrich) were added before the extraction. The cells with the extraction solution ware kept on ice for 40 minutes with occasional vortexing. The lysate was clarified by centrifugation at 13000×g for 15 mins.
To be eligible for FAPT imaging, the quantum yield of the chosen fluorescent dye must be temperature-insensitive. Since insensitivity had not been reported for the fluorescent dye MitoTracker orange, we first measured it in an aqueous solution. By exciting the fluorophore and collecting the corresponding fluorescence at each temperature, the relation between fluorescence intensity and temperature was acquired (Fig. 2a) . The result shows that the quantum yield of MitoTracker orange is stable over 25 o C -37 o C, a temperature range of interest in cellular studies [9, 10] . Then, we calibrated the relation between the PA/fluorescence ratio R and temperature for MitoTracker orange in cell extract (Fig. 2b) . The coefficient of determination is 0.995 for the linear fit. The SNR of the measured PA and fluorescence signals were 33 dB and 49 dB, respectively, resulting in ~0.7 o C temperature resolution in this experiment. 
